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Abstract
In order to extract information on the strength of quark-quark cor-
relations in the axial vector (a.v.) diquark channel (JP = 1+, T = 1),
we analyze the quark light cone momentum distributions in the nu-
cleon, in particular their flavor dependencies, and the static proper-
ties of the nucleon. To construct the nucleon as a relativistic 3-quark
bound state, we use a simple ’static’ approximation to the full Faddeev
equation in the Nambu-Jona-Lasinio model, including correlations in
the scalar (JP = 0+, T = 0) and a.v. diquark channels. It is shown
that the a.v. diquark correlations should be rather weak compared
to the scalar ones. From our analysis we extract information on the
strength of the correlations as well as on the probability of the a.v.
diquark channel.
PACS numbers: 12.39-x, 12.39.Ki, 14.20.Dh
Keywords: Structure functions, Effective quark theories, Diquark correla-
tions
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1 Introduction
The investigation of nucleon structure functions and the study of the asso-
ciated quark and gluon light cone (LC) momentum and spin distributions is
currently a very active field both experimentally [1, 2, 3] and theoretically
[4]. By applying perturbative QCD and factorization theorems [5] to the
analysis of deep inelastic lepton-nucleon scattering experiments, detailed in-
formation on the quark and gluon distributions in the nucleon have been (and
will further be) extracted. Many excellent parameterizations of quark and
gluon distributions now exist [6]. Since these distributions reflect the non-
perturbative aspects of the problem, at present they cannot be calculated
directly from QCD. Effective models based on QCD are powerful tools to
extract information on the effective quark-quark interactions by comparing
the calculated distributions with the empirical ones.
In this paper we will concentrate on the quark LC momentum distribu-
tions relevant for the unpolarized structure functions. A particularly inter-
esting feature of the valence (v) quark distributions in the proton is their
flavor dependence: The empirical distributions clearly indicate that dv(x)
is “softer” than uv(x), i.e., it is more concentrated in the region of smaller
Bjorken x. There is a very simple argument [7] which shows that this feature
can be naturally explained as a consequence of the quark-quark (diquark)
correlations in the scalar (JP = 0+, T = 0) channel: Strong correlations in
this channel lead to a “scalar diquark” with mass well below twice the con-
stituent quark mass. Since the fraction of the LC momentum carried by the
diquark decreases as its mass decreases, and a scalar diquark consists of a
valence up and down quark, this means that dv in the proton is softer than
3
uv for sufficiently strong scalar diquark correlations.
However, the correlations in the axial vector (a.v.) diquark channel
(JP = 1+, T = 1) are expected to be of some importance, too, from the
analogy of non- relativistic 3-body calculations. Compared to a purely quark
- scalar diquark model, these correlations tend to work towards more sym-
metric valence quark distributions, since their presence requires a reduction
of the correlations in the scalar diquark channel in order to get the same
nucleon mass. Indeed, the ratio F2n/F2p of the neutron and proton struc-
ture functions in the region x → 1, where the valence quarks are dominant,
indicates [8] that dv/uv is probably nonzero (but less than the value
1
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cor-
responding to flavor symmetric distributions) as x → 1, although there is
some model dependence in extracting F2n from the deuteron data. One of
the questions which we want to address in this paper is therefore how the
flavor asymmetry of the valence quark distributions is influenced by the a.v.
diquark correlations.
Another interesting feature of the distribution functions is the flavor
asymmetry of the antiquark distributions in the proton [9], i.e., d(x) > u(x)
over the whole region of Bjorken x, which leads to the famous violation of the
Gottfried sum rule. A simple and natural explanation of this asymmetry is
due to the pion cloud around the valence quarks, and there have been many
investigations of this effect based on the familiar convolution formalism [10].
The primary aim of this paper is to investigate the connection between
the flavor dependence of the valence quark distributions and the strength of
the quark-quark interactions in the a.v. diquark channel in a model calcula-
tion. For this purpose we use the Nambu-Jona- Lasinio [11] (NJL) model as
an effective quark theory in the low energy region [12]. Our approach is based
4
on the relativistic Faddeev method [13], which has been used in many recent
works as a powerful tool to investigate the properties of hadrons [14, 15, 16]. 1
Although the relativistic Faddeev equation in the NJL model has been solved
exactly including also the a.v. diquark channel [14], this has not yet been
done with LC variables, mainly due to technical reasons associated with reg-
ularization and angular momentum projection [19]. Therefore, in this work
we consider a simple approximation to the full Faddeev equation [20] (the
“static approximation”), which consists in neglecting the momentum depen-
dence of the quark exchange kernel. In this case, the resulting quark-diquark
equation can be solved almost analytically. In a previous work we applied
this method to the calculation of structure functions by keeping only the
scalar diquark channel [21], and here we extend these calculations to include
also the a.v. diquark channel. We will derive an upper limit for the strength
of the quark-quark interaction in this channel, which can be translated into
an upper limit of the probability (defined here via the contribution to the
baryon number). In order to see whether this result derived from the flavor
dependence of the structure functions is consistent with other properties of
the nucleon or not, we will also investigate the dependence of static prop-
erties, like magnetic moments or the axial vector coupling constant, on the
correlations in the a.v. diquark channel. We will show that a consistent
picture emerges if the probability of the a.v. diquark channel is
<∼ 10%,
although the model has still to be refined for more quantitative purposes.
The rest of this paper is organized as follows: In sect. 2 we explain
the model and the form of the nucleon wave function including the a.v.
1Very similar in spirit are the covariant quark-diquark models [17, 18], which have been
extensively used recently to describe many properties of the nucleon like electromagnetic
form factors and static properties.
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diquark channel. In sect. 3 we explain our method to calculate the quark
distribution functions, and in sect. 4 we consider the static properties of the
nucleon within the same framework. Sect. 5 is devoted to the discussion of
our results, and in sect. 6 we present a summary and conclusions.
2 The model and vertex functions for baryon
states
We consider SU(2)f quark Lagrangians of the NJL [11] type L = ψ¯(i6∂ −
m)ψ + LI , where m is the u, d current quark mass and LI is a chirally
symmetric 4-fermi contact interaction. By applying Fierz transformations,
any LI can be decomposed into various qq and qq channels [14]. The terms
relevant for our discussions are given as follows:
LI,pi = 1
2
Gpi
[
(ψ¯ψ)2 − (ψ¯γ5τψ)2
]
, (2.1)
LI,s = Gs
[
ψ¯(γ5C)τ2β
Aψ¯T
] [
ψT (C−1γ5)τ2β
Aψ
]
, (2.2)
LI,a = Ga
[
ψ¯(γµC)τ τ2β
Aψ¯T
]
·
[
ψT (C−1γµ)τ τ2β
Aψ
]
, (2.3)
where the color matrix βA =
√
3
2
λA (A=2,5,7) corresponds to the color 3
states, and C = iγ2γ0. LI,pi represents the interaction in the 0+ and 0− qq
channels corresponding to the sigma meson and the pion, and LI,s (LI,a)
is the interaction in the 0+ (1+) qq channel corresponding to the scalar di-
quark (a.v. diquark). The interactions (2.1) and (2.2) are invariant under
chiral SU(2)×SU(2) transformations, but (2.3) should in principle be supple-
mented by the vector diquark (1−) interaction term to form a chiral invariant
lagrangian [16]. However, from the naive non-relativistic analogy the vector
diquark is expected to be of minor importance since it is a ℓ = 1 pair, and
6
will be neglected here.
The coupling constants Gpi, Gs and Ga are related numerically to the ones
of the original LI . Since Gpi will be determined by the properties of the pion,
it is convenient to introduce the ratios
rs = Gs/Gpi, ra = Ga/Gpi. (2.4)
These ratios will be treated as parameters reflecting the form of the original
LI . (For example, for the ’color current’ type interaction lagrangian [20] one
has rs = 0.5 and ra = 0.25.)
The reduced t-matrices in the pionic qq channel, and the scalar and axial
vector qq channels are obtained by solving the Bethe-Salpeter equations in
these channels, and the results are the following standard NJL model expres-
sions [11, 12]:
τpi(k) =
−2iGpi
1 + 2GpiΠpi(k2)
, τs(k) =
4iGs
1 + 2GsΠs(k2)
, (2.5)
τµνa (k) = 4iGa
[
gµν − 2GaΠa(k
2)
1 + 2GaΠa(k2)
(
gµν − k
µkν
k2
)]
, (2.6)
with the “bubble graphs”
Πpi(k
2) = Πs(k
2) = 6i
∫
d4q
(2π)4
trD[γ5S(q)γ5S(k + q)], (2.7)
Πa(k
2)
(
gµν − k
µkν
k2
)
= 6i
∫
d4q
(2π)4
trD[γ
µS(q)γνS(k + q)], (2.8)
where S(k) = (6k −M + iǫ)−1 is the quark Feynman propagator and M is
the constituent quark mass, which is related to the current quark mass m
via the familiar gap equation of the NJL model [11].
For the evaluation of these and other loop integrals we will use the “co-
variant three-momentum cut-off scheme” [12, 19], by which we mean the
7
following: After parameterizing the expressions for the Green functions in
terms of Lorentz invariant functions (like Πa in eq. (2.8)), these Lorentz in-
variants are calculated by introducing a sharp three-momentum cut-off (Λ3)
in a particular Lorentz frame, which we take to be the rest frame (k = 0) in
case of two-point functions and the Breit frame in the case of three- point
functions involving one vertex for the external field. The Lorentz invariant
expressions are then recovered by “boosting” to a general frame. (In the case
of the above bubble graphs, this “boosting” simply means the replacement
k20 → k2.) The value of Λ3 is assumed to be the same for all loop integrals.
The three-momentum cut-off scheme used here preserves the conservation
of electric charge and baryon number, but not the full current conservation
which involves finite momentum transfer by the external field. It also pre-
serves low energy theorems based on chiral symmetry, but not the full PCAC
and Goldberger-Treiman relation (see sect. 5.2).
In order to obtain the nucleon vertex function, we solve the homogeneous
Faddeev equation in the “static approximation” [20, 21], where the momen-
tum dependence of the quark exchange kernel (Z) is neglected. Performing
the projections to color singlet and isospin 1
2
as in [14], the resulting equation
for the baryon vertex function Γ(p) becomes
Γa(p) = Zaa
′
Πa
′b
N (p)Γ
b(p) ≡ Kab(p)Γb(p), (2.9)
where Z is the quark exchange kernel in the static approximation,
Zaa
′
=
3
M
(
1
√
3γµ
′
γ5√
3γ5γ
µ −γµ′γµ
)
, (2.10)
and ΠN(p) is the quark-diquark bubble graph
Πa
′b
N (p) =
∫ d4k
(2π)4
τa
′b(k)S(p− k) (2.11)
8
τa
′b(k) =
(
τs(k) 0
0 τµ
′ν
a (k)
)
≡ diag (τs(k), τµ′νa (k)). (2.12)
In the above equations, roman indices (a, a′, . . .) combine one index for the
scalar diquark (denoted as 5) with the 4 Lorentz indices (µ, µ′, . . .) for the a.v.
diquark. Together with the Dirac index for the quark (not shown explicitly),
the kernel K in eq.(2.9) is a 20 × 20 matrix, which can be reduced to 10 ×
10 by projection to positive parity states (see Appendix A). We directly
diagonalize this kernel in the rest frame of the baryon (p = 0) by unitary
transformations in Appendix A. It separates into a 6×6 block corresponding
to spin 1
2
states (nucleon) 2, and a 4 × 4 block for the spin 3
2
states. After
boosting the eigenfunction to a general frame, we obtain for the nucleon state
ΓaN = (Γ
5
N ,Γ
µ
N), where
Γ5N(p, s) = α1uN(p, s) (2.13)
ΓµN(p, s) = α2
pµ
MN
γ5uN(p, s) + α3
∑
λs′
(
1
1
2
, λs′|1
2
s
)
ǫµλ(p)uN(p, s
′).
(2.14)
Here uN(p, s) is a Dirac spinor, with spin projection s, depending on the
nucleon mass MN and normalized according to uNuN = 1, and ǫ
µ
λ(p) is the
polarization 4-vector, which also depends onMN , and is obtained as usual by
applying a Lorentz boost to (0, ǫλ), where ǫλ are the spherical unit vectors
with λ = ±1, 0. The homogeneous equation for the 3 coefficients α1, α2, α3
leads to the eigenvalue equation for the nucleon mass MN (see Appendix A).
Note that in the last term of (2.14) the spin projection s′ in the Dirac spinor
refers to the quark. The vertex function for spin 3
2
is given by an expression
2The corresponding 6 basis states correspond to the coupling of the quark with a scalar
diquark, with the time component of the a.v. diquark, and with the space components of
the a.v. diquark, where each of these states has spin degeneracy 2.
9
similar to the last term in (2.14), but with the diquark and quark spins
coupled to 3
2
instead of 1
2
. This vertex function is therefore of the standard
Rarita-Schwinger form.
By simple manipulations explained in Appendix A, eq.(2.14) can be shown
to be equivalent to the following covariant form:
ΓµN(p, s) = a2
pµ
MN
γ5uN(p, s) + a3γ
µγ5uN(p, s) (2.15)
with a2 = α2−α3/
√
3 and a3 = −α3/
√
3. The form (2.15), which is a special
case of the general covariant decomposition of the baryon vertex functions
given in ref. [17], is more convenient for actual Feynman diagram calculations
3.
The normalization condition for the nucleon vertex function, which we
give here in terms of LC variables p± = (1/
√
2)(p0 ± p3) for later use, is as
follows [22, 19]:
1
2p−
Γ¯aN(p)
∂ΠN,ab(p)
∂p+
ΓbN(p) = 1 ≡Ws +Wa. (2.16)
Here we introduced the “weights” of the scalar and a.v. diquark channels,
where Ws is the contribution from a = b = 5 and Wa is the remaining part.
In any treatment which preserved the Ward identities, the l.h.s. of (2.16)
corresponds to the matrix element of the baryon number operator [21], and
therefore Ws and Wa are the contributions of the scalar and a.v. diquark
channels to the total baryon number.
3The isospin and color parts of the vertex functions are standard and not shown ex-
plicitly here. We also note that it is of course possible to start directly from the covariant
parameterization (2.15), together with the Rarita-Schwinger type part corresponding to
spin 3
2
, introduce a covariant decomposition of the kernel in (2.9) and derive the homege-
nous equations for the coefficients a1 ≡ α1, a2 and a3.
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Similarly, the vertex function for the ∆ isobar state is obtained from an
eigenvalue equation similar to (2.9) with the kernel projected to color 3 and
T = 3
2
:
Kµν(p) =
6
M
(γµγρ) Π
ρν
N (p) (2.17)
with the same quark-diquark bubble ΠN (p) graph as before (see eq. (2.11)).
The corresponding eigenfunction, which has the same form as the last term
in eq. (2.14) but with the nucleon mass replaced by the delta mass M∆ and
the total spin 1
2
replaced by 3
2
in the Clebsch-Gordan coefficient, is of the
standard Rarita-Schwinger form. The eigenvalue equation for the M∆ is also
given in Appendix A.
3 Quark distribution functions
The quark LC momentum distribution in the proton is defined as [23]
f˜q/P (x) =
1
2
∫
dz−
2π
eip−xz
−〈p|T
(
ψq(0)γ
+ψq(z
−)
)
|p〉, (3.1)
where x is the fraction of the proton’s LC momentum component p− carried
by the quark with flavor q = u, d, and |p > denotes the proton state with
momentum p. As explained in [19, 21], the evaluation of the distribution (3.1)
can be reduced to a straightforward Feynman diagram calculation by noting
that it is nothing but the Fourier transform of the quark two-point function
in the proton traced with γ+, where the component k− of the quark LC
momentum is fixed as k− = x p− and the other quark momentum components
(k+,k⊥) are integrated out. The relevant Feynman diagrams in our quark-
diquark model are shown in Fig. 1, where the operator insertion stands for
γ+δ(k− − p− x)(1± τz)/2 for the u (d) quark distribution.
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The isospin matrix elements are easily evaluated, and the distributions
can be expressed as follows 4:
fU/P (x) = F
s
Q/P (x) +
1
2
F sQ(D)/P (x) +
1
3
F aQ/P (x) +
5
6
F aQ(D)/P (x)
(3.2)
fD/P (x) =
1
2
F sQ(D)/P (x) +
2
3
F aQ/P (x) +
1
6
F aQ(D)/P (x). (3.3)
Here the distribution F dQ/P (d = s, a) corresponds to the first diagram of
fig.1, which will be called the “quark diagram” and involves the diquark
t- matrix τd, and F
d
Q(D)/P to the second diagram (“diquark diagram”) with
two τd ’s. To derive their explicit expressions from the Feynman diagrams,
one uses the Ward-like identity S(k)γ+S(k) = − ∂
∂k+
S(k) for the constituent
quark propagator and performs partial integrations w.r.t. k+, which is justi-
fied since the regularization scheme to be discussed below (Lepage- Brodsky
scheme [24]) does not restrict the k+ integrals which are convergent. In this
way we obtain from the ’quark diagram’:
FQ/P (x) =
1
2p−
Γ¯aN (p)
(
∂
∂p+
ΠabN (x, p)
)
ΓbN(p) ≡ F sQ/P + F aQ/P , (3.4)
where the quark-diquark bubble for fixed k− is given by
ΠabN (x, p) =
∫
d4k
(2π)4
δ(x− k−
p−
)S(k)τab(p− k) = diag
(
Π55N (x, p),Π
µν
N (x, p)
)
(3.5)
For the evaluation of the ’diquark diagram’ of Fig.1 one also uses the Ward-
like identity for the quark propagator on which the insertion is made, and
4The distribution (3.1) is nonzero in the interval −1 < x < 1, and the physical quark
and antiquark distributions are obtained as fq/P (x) = f˜q/P (x) and fq/P (x) = −f˜q/P (−x)
for 0 < x < 1. We denote the quark flavor as Q = U,D for the diagrams of Fig.1 to
distinguish this ’valence quark picture’ from the case including the pion cloud. In writing
down the expressions (3.2) and (3.3) we used the fact that there is no mixing between the
scalar and a.v. diquark diagrams for the quark distributions.
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introduces the fraction of the nucleon’s momentum component p− carried by
the diquark (y) and the fraction of the diquark’s momentum component q−
carried by the quark inside the diquark (z) via the identity
1 =
∫
dy
∫
dzδ(y − q−
p−
) δ(z − k−
q−
).
In this way we obtain
FQ(D)/P (x) =
−i
2p−
∫ 1
0
dy
∫ 1
0
dz
∫
d4q
(2π)4
δ(y − q−
p−
)
× Γ¯aN(p)SF (p− q)
(
τab(q)
∂Πbc(z, q)
∂q+
τcd(q)
)
Γ¯dN (p), (3.6)
where the quark-quark bubble graph for fixed LC momentum fraction z of
one of the quarks is given by Πab(z, q) = diag
(
Πs(z, q
2),Πµνa (z, q)
)
with
Πs(z, q
2) = 6i
∫
d4k
(2π)4
δ(z − k−
q−
)trD (γ5S(k)γ5S(q − k)) (3.7)
Πµνa (z, q) ≡ Πa(z, q2)
(
gµν − q
µqν
q2
)
= 6i
∫
d4k
(2π)4
δ(z − k−
q−
)trD[γ
µS(k)γνS(q − k)]. (3.8)
Since the quark-quark bubble graphs Πab(z, q) and Πab(q) have the same
structure w.r.t. the diquark indices (see (2.8) and (3.8)), we can define the
quark LC momentum distribution F dQ/D(z, q
2) within a diquark d = s, a with
virtuality q2 by
∂Πab(z, q)
∂q+
≡ diag
(
1
2
∂Πs(q
2)
∂q+
F sQ/D(z, q
2),
1
2
∂Πµνa (q)
∂q+
F aQ/D(z, q
2)
)
(3.9)
By taking the trace over the Lorentz indices in this equation for the a.v.
contribution, we find explicitly
F dQ/D(z, q
2) = −2g2d(q2)
∂Πd(z, q
2)
∂q2
, (3.10)
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where
gd(q
2) ≡ −1
∂Πd(q2)
∂q2
(3.11)
with d = s, a. The quantities (3.11) are the natural generalizations of the
quark-diquark coupling constants to arbitrary virtuality q2. Inserting the
definition (3.9) into (3.6), using the Ward-like identity for the derivatives of
quark-quark bubble graphs
(
τab(q)
∂Πbc(q)
∂q+
τcd(q)
)
= −2i∂τ
ad(q)
∂q+
, (3.12)
and performing a partial integration w.r.t. q+ we finally arrive at
FQ(D)/P (x) =
∫ 1
0
dy
∫ 1
0
dzδ(x − yz)
∫ ∞
−∞
dq20
∑
d=s,a
F dQ/D(z, q
2
0)F
d
D/P (y, q
2
0).
(3.13)
Here the LC momentum distribution of the diquark d with virtuality q20 in
the proton is given by
FD/P (y, q
2
0) ≡ F sD/P (y, q20) + F aD/P (y, q20)
= Γ¯aN(p)
(
1
2p−
∂
∂p+
+ y
∂
∂q20
)
ΠabN (y, q
2
0; p)Γ
b
N(p),
(3.14)
where the quark-diquark bubble graph for fixed virtuality and LC momentum
fraction of the diquark is given by
ΠabN (y, q
2
0; p) =
∫ d4q
(2π)4
δ(y − q−
p−
)δ(q2 − q20)SF (p− q)τab(q). (3.15)
14
The normalizations of the distributions FQ/P (x) and FQ(D)/P (x) follow from
eqs. (3.4), (3.13) and (2.16) as follows 5:
∫ 1
0
dxFQ/P (x) = Ws +Wa = 1 (3.16)∫ 1
0
dxFQ(D)/P (x) = 2(Ws +Wa) = 2, (3.17)
which lead to the correct number sum rules for the distributions (3.2) and
(3.3). In the same way the validity of the momentum sum rule can also
be checked analytically. These sum rules hold in any regularization scheme
which does not restrict the LC plus- components (k+) of the loop momenta
[21].
For the evaluation of the quark-quark and quark-diquark bubble graphs
with fixed LC momentum fraction of one of the constituents we use the
Lepage-Brodsky (LB) regularization scheme [24], which is equivalent to the
covariant three-momentum cut-off scheme discussed in the previous subsec-
tion if all internal momenta are integrated out [19]. Because this scheme does
not restrict the LC plus-components of the loop momenta, it preserves the
number and momentum sum rules. In practice, to regularize bubble graphs
involving Lorentz indices like Πµνa of eq. (3.8) or Π
µν
N of eq. (3.15), one first
decomposes them into a sum of Lorentz tensors multiplied by Lorentz scalar
quantities (which, for the case of ΠµνN , are Dirac matrices ∝ 1 or 6p), and then
applies the LB scheme to evaluate the scalar functions in the frame where
the transverse components of the total momentum are zero. (To extract the
scalar functions from the general Lorentz decomposition in this frame, one
5Note that the relations
∫ 1
0
dzF dQ/D(z, q
2
0) = 2 and
∫ 1
0
dz zF dQ/D(z, q
2
0) = 1 hold for
any virtuality q20 , and that the second term in (3.14) gives a vanishing surface term when
integrated over q20 .
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considers appropriate combinations of the Lorentz indices.) The results are
then generalized to an arbitrary frame in a similar way as explained for the
covariant 3-momentum cut-off.
The model described above gives only valence-like distributions at the low
energy scale. In order to describe also the sea quark distributions, we take
into account the effects of the pion cloud around the constituent quarks in
the same way as described in detail in ref. [21]. This treatment corresponds
to the standard one-dimensional convolution formalism [10], which involves
an on- shell approximation for the “parent quark”. The resulting distribution
functions including the pion cloud contributions are given by
fq/P (x) =
∑
Q=U,D
∫ 1
0
dy
∫ 1
0
dzδ(x− yz)fq/Q(z)fQ/P (y) (3.18)
and a similar expression with q → q. The valence- like distributions fQ/P (y)
are given by eq. (3.2) and (3.3), and the expressions for the quark and
antiquark distributions within an on-shell parent quark (fq/Q and fq/Q) are
given in ref.[21] and represented by the Feynman diagrams shown in fig.2.
4 Static properties of the nucleon
In this section we give the basic expressions in our quark-diquark model
for the magnetic moments, the isovector and isoscalar axial vector coupling
constants and the pion- nucleon coupling constant. The Feynman diagrams
for the valence quark contributions and the pionic cloud effects are the same
as those for the LC momentum distributions (see Figs. 1 and 2) with the
appropriate operator insertions, where now we have to integrate over all four
components of the loop momenta. The actual evaluation of these Feynman
diagrams is similar to the one described in ref. [18].
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4.1 Magnetic moments
For the electromagnetic current in the valence quark picture, we insert the
operator Qqγ
µ into the diagrams of Fig.1, where Qq is the charge operator for
the quark. Separating the isospin matrix elements, we write for the magnetic
moments of the proton and neutron:
µp =
2
3
F sQ +
1
3
F sD + FaD +
1√
3
FmD (4.1)
µn = −1
3
F sQ +
1
3
F sD +
1
3
FaQ −
1
3
FaD −
1√
3
FmD , (4.2)
where the subscripts Q and D refer to the quark and diquark diagrams of fig.
1, respectively, and the superscripts s, a and m denote the contributions due
to the scalar diquark, the a.v. diquark, and the scalar-a.v. mixing terms,
respectively. These quantities are obtained by expressing the contribution to
the current from the quark diagram (jµQ) and the diquark diagram (j
µ
D) in
terms of Dirac-Pauli form factors,
jµR(p
′, p) = Γ¯aN (p
′)λµR,ab(p
′, p)Γ¯bN(p) (4.3)
≡ ∑
d=s,a,m
u¯N(p
′)
[
Fd1R(q2)γµ + Fd2R(q2)
iσµνqν
2MN
]
uN(p)
where R = Q,D. There are no mixing terms from the quark current diagram
(Fm1Q = Fm2Q = 0.) Then the various contributions to the magnetic moments
in eq. (4.1) and (4.2) are obtained by FdQ = Fd1Q(0) + Fd2Q(0) (d = s, a) and
FdD = Fd1D(0) + Fd2D(0) (d = s, a,m).
The vertices λµQ,ab and λ
µ
D,ab in (4.3) are obtained from Fig.1 as follows:
λµQ,ab(p
′, p) = −
∫ d4k
(2π)4
SF (k + q)γ
µSF (k)τab(p− k) (4.4)
λµD,ad(p
′, p) = −i
∫ d4k
(2π)4
SF (p− k)τab(k′)Λµbc(k′, k)τcd(k), (4.5)
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where the 3-point function for the electromagnetic current of the diquark is
given by
Λµab(k
′, k) = 3i
∫
d4t
(2π)4
trD[S(t+ q)γ
µS(t)γbS(t− k)γa]. (4.6)
The evaluation of the Dirac-Pauli form factors in eq. (4.4) in the co-
variant three-momentum cut-off scheme proceeds as follows: For each term
in the loop integrals (4.4) and (4.5) which involves Lorentz tensors like kν
or kµkν , a parameterization in terms of Lorentz tensors w.r.t. the external
(fixed) momenta, multiplied by Lorentz invariant functions, is introduced.
In this way one derives formal expressions of the Dirac-Pauli form factors in
terms of these Lorentz invariant functions. For the evaluation of the mag-
netic moments, it is sufficient to expand these functions up to O(q), and
the corresponding coefficients are evaluated by introducing the 3-momentum
cut-off in a particular frame, i.e; the frame where p = 0 for the k-integrals
in (4.4) and (4.5), while in the case of the diquark current (4.6) one chooses
the frame k = 0 to introduce the cut-off and then generalizes the result to an
arbitrary frame. (This generalization is necessary because one has to insert
the general Lorentz covariant parameterization of the diquark current into
(4.5) before evaluating the k-integral.)
The simplest case is the integral (4.4) for the scalar diquark: Besides
scalar functions, the integrand involves terms ∝ kν and kµkν , and these
terms are most easily parameterized in terms of Lorentz tensors made of
P ν ≡ (p + p′)ν and qν . The most complicated case is the integral (4.5) for
the a.v. diquark: Here one has to insert the following parameterization of
the 3-point function (4.6) for the a.v. diquark [18]:
Λµνλ(k
′, k) = F1(K, q)gνλK
µ + F2(K, q)k
′
νgλ
µ + F3(K, q)kλgν
µ
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+F4(K, q)k
′
νkλK
µ + FM(K, q)(gλ
µqν − gνµqλ)], (4.7)
where K = k′ + k and q = k′ − k, and the scalar functions depend on
K2, q2 and K · q. For q → 0, FM is the “magnetic moment” of an off-
shell a.v. diquark 6. This parameterization is introduced into (4.5), and a
further parameterization is introduced in order to express λµD(p
′, p) in terms
of P µ and qµ. In this way one derives the formal expressions for the diquark
contributions to the Dirac-Pauli form factors of eq. (4.4) in terms of Lorentz
scalar functions, and then one can set q = 0 for the evaluation of the magnetic
moments. Similarly, for the scalar-a.v. mixing terms one has the structure
Λµ5λ(k
′, k) = Fm(K, q)ǫ
µ
λαβK
αqβ, (4.8)
which determines the mixing part of the vertex (4.5) and its contribution to
the Dirac-Pauli form factors of the nucleon.
4.2 Axial and pion-nucleon coupling constants
To obtain the isoscalar (α = 0) and isovector (α = 3) axial vector currents in
the valence quark picture, we insert the operator ταγµγ5 into the diagrams
of Fig.1, where τ 0 ≡ 1. The pion absorption current is obtained similarly
by inserting the operator gτ 3γ5, where the pion- quark coupling constant g
is the residue of τpi (eq.(2.5)) at the pion pole. As we will explain at the
end of this subsection, in order to be consistent with the PCAC relation one
6For an on-shell a.v. diquark one naively expects [18] FM (q = 0) = 2 for the same
reason why the magnetic moment of the deuteron is naively expected to be the sum of the
proton and neutron magnetic moments. We confirmed that for an on-shell a.v. diquark
this is indeed valid almost independently of the choice of parameters. In our calculations
to be discussed below, however, the a.v. diquark is always unbound. In this case the
“magnetic moment” depends on the virtuality of the a.v. diquark and can assume values
much less than 2.
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has to take into account also the contribution from the “exchange diagram”
(Fig. 3) for the pion absorption current, even in the static approximation
used here. Therefore, separating again the isospin matrix elements, we write
for the axial vector coupling constants g
(α)
A and the pion-nucleon coupling
constant gpiNN :
g
(0)
A = GsQ + GaQ + 2GaD (4.9)
g
(3)
A = GsQ −
1
3
GaQ +
4
3
GaD +
2√
3
GmD (4.10)
gpiNN = IsQ −
1
3
IaQ +
4
3
IaD +
2√
3
ImD − IsE −
5
3
IaE +
1√
3
ImE , (4.11)
where the subscript E in (4.11) refers to the exchange diagram of fig.3, and
the meanings of the other symbols are as in the previous subsection. The
quantities G and I introduced above are obtained by expressing the axial and
pion absorption currents for the quark diagram (jµAQ and jpiQ), the diquark
diagram (jµAD and jpiD) and the exchange diagram (jpiE) in terms of form
factors as follows:
jµAR(p
′, p) = Γ¯aN(p
′)λµAR,ab(p
′, p)Γ¯bN(p) (4.12)
≡ ∑
d=s,a,m
u¯N(p
′)
[
GdR(q2)γµγ5 +HdR(q2)qµγ5
]
uN(p) (4.13)
jpiR(p
′, p) = Γ¯aN(p
′)λpiR,ab(p
′, p)Γ¯bN(p) (4.14)
≡ ∑
d=s,a,m
u¯N(p
′)
[
IdR(q2)γ5
]
uN(p), (4.15)
where R = Q,D in eq. (4.13) and R = Q,D,E in (4.15). The quantities
G and I in eqs. (4.9)-(4.11) are then obtained by setting q2 = 0 in the
corresponding form factors defined in (4.13) and (4.15).
The axial vertices λµAQ and λ
µ
AD are obtained from the corresponding
expressions (4.4) and (4.6) for the electromagnetic case by the replacement
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γµ → γµγ5, while the pionic vertices λpiQ and λpiD are obtained by γµ → gγ5.
The 3-point functions corresponding to (4.6), ΛµA and Λpi, have the following
Lorentz structures:
ΛµA,νλ(k
′, k) = ǫµνλσG(K, q)K
σ (4.16)
ΛµA,5λ(k
′, k) = gµλGm1(K, q) +K
µKλGm2(K, q) (4.17)
Λpi,νλ(k
′, k) = ǫαβνλI(K, q)Kαqβ (4.18)
Λpi,5λ(k
′, k) = Im1(K, q)Kλ + Im2(K, q)qλ, (4.19)
where for the axial vertices (4.16), (4.17) we show only the terms relevant in
the limit q → 0.
Before giving the expression for the contribution of the exchange diagram
(λpiE) to the pionic vertex (4.15), we explain why it is necessary to consider
this diagram even in the static approximation: Let us first refer to the case of
the electromagnetic interaction. The Ward-Takahashi identity for the quark-
photon vertex Γµ is
S(k′)qµΓ
µS(k) = Qq (S(k)− S(k′)) . (4.20)
Applying this identity to the quark-photon vertex in the exchange diagram
(the cross in fig.3), we see that in the static limit for the exchanged quark
(S(k)→ −1/M), the r.h.s. of this identity is zero. It is therefore consistent
to assume that in the static approximation there is no contribution from the
exchange diagram, as has been done in previous works [25]. 7 If there were no
violations of gauge invariance due to the cut-off procedure, the electromag-
netic current of the nucleon calculated from the quark and diquark diagrams
7The same argument holds also for the baryon current, and therefore no contributions
from the exchange diagram are needed to satisfy the quark number sum rules in the static
approximation.
21
alone would satisfy the current conservation qµJ
µ = 0. Similarly, if we apply
the axial Ward-Takahashi identity
S(k′)qµΓ
µ
AS(k) = τ (γ5S(k) + S(k
′)γ5) + 2MS(k
′)γ5τS(k) (4.21)
to the quark axial vertex in the exchange diagram of fig.3, we note that in
the static limit (S(k) → −1/M) the r.h.s. of (4.21) vanishes, too, which
suggests that the exchange diagram should not be taken into account in the
calculation of the axial vector current in the static approximation. If there
were no violations of chiral invariance of different origin 8, the axial current
of the nucleon calculated from the quark and diquark diagrams alone would
satisfy the PCAC relation (with the pion pole contributions subtracted):
qµJ
µ
A(q) = fpiJpi(q), where fpi = M/g. The pion absorption current Jpi in this
relation, however, includes the effects of the exchange diagram, since in our
above discussion the last term in eq. (4.21) just corresponds to the contri-
bution of the exchange diagram to Jpi. In other words, if g
(3)
A is calculated
from the quark and diquark diagrams alone, the corresponding pion-nucleon
coupling constant in the Goldberger-Treiman relation MNg
(3)
A = gpiNNfpi in-
cludes the effect of the exchange diagram. In Appendix B we explicitly show
the validity of the PCAC relation for the case where only the scalar diquark
channel is included, both in the exact Faddeev framework and in the static
approximation.
8In the present calculation, however, there are 2 origins of violation of PCAC and
the Goldberger- Treiman relation: The first reason is the omission of the vector diquark
channel, as has been explained in sect. 2. The second, and probably more important,
reason is that the 3-momentum (or Lepage-Brodsky) cut-off scheme used here satisfies
charge and baryon number conservation, but not the full vector current conservation and
PCAC. Since in the static approximation used in this work the quark- diquark vertex
function is independent of the relative momentum, the dependence of the quark-diquark
loop integrals on the cut-off is enhanced considerably, and this leads to sizeable violations
of the Goldberger-Treiman relation as will be discussed in sect. 5.
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The contribution of the exchange diagram to the pionic vertex of eq.
(4.14) in the static approximation can be expressed in terms of the quark-
diquark bubble graph ΠN of eq. (2.11) by
λabpiE = −3gΠacN (p′)γc
(
1
M2
γ5
)
γdΠ
db
N (p), (4.22)
which includes a color factor 3. If only the scalar diquark channel is included,
the Faddeev kernel in the static approximation is equal to ΠN (p) · 3/M (see
(2.9)), which simplifies the calculation of the exchange diagram contribution
to the pion absorption current (4.15).
The explicit evaluation of the various contributions shown in eqs. (4.9)-
(4.11) in the covariant three-momentum cut-off scheme proceeds along the
lines discussed in the previous subsection.
4.3 Pion cloud effects
Although the main purpose of this work is to extract information on the
strength of the a.v. diquark correlations in the nucleon, we also should
estimate the size of the pion cloud effects in the present quark-diquark model.
The purpose of this subsection is to explain a simple way, involving various
approximations, to estimate these effects. These approximations, of course,
should be avoided in a more refined treatment of pion cloud effects. (For a
more general recent discussion on pionic effects on the static properties of
the nucleon, we refer to ref. [26].)
To estimate the role of pion cloud effects on the static properties of the
nucleon, we use an on-shell approximation for the “parent quark”, which has
been used also to estimate the pion cloud effects on the structure functions
(see ref. [?]). That is, the operator insertions on the quark lines in fig. 1
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are replaced by the diagrams of fig. 2, but these diagrams are evaluated
by assuming that the external quark lines are on the mass shell. For the
calculation of g
(α)
A this simply means that we replace the ’bare’ axial vector
coupling constant of the quark (which is 1) by g
(α)
Aq , which includes the effect
of the pion dressing, and similarly for gpiNN we replace the bare πqq coupling
(g) by the dressed one (gpiqq)
9. For the calculation of magnetic moments,
there appears in principle a new type of quark operator associated with the
anomalous magnetic moment of the constituent quark. In a non-relativistic
approximation, however, the matrix element of this operator can be related
to the isoscalar and isovector axial vector coupling constants of the nucleon,
see eq. (4.31) below.
The magnetic moments of the u and d quarks including the pion dressing
are written as
µu = Zq Qu + 3Fpi ≡ Qu + κu (4.23)
µd = Zq Qd + Fq − Fpi ≡ Qd + κd (4.24)
The quantities Fq and Fpi are obtained by expressing the results for the
quark diagram jµq (first diagram of fig. 2) and the pionic diagram j
µ
pi (second
diagram of fig. 2) in terms of Dirac-Pauli form factors:
jµr (p
′, p) = Γ¯q(p
′)λµr (p
′, p)Γq(p) (4.25)
≡ u¯q(p′)
[
F1r(q2)γµ + F2r(q2) iσ
µνqν
2M
]
uq(p),
9In order to respect chiral symmetry, one should also include the mixing between the
pion and the sigma meson in the third diagram of fig. 2, but this will not be done here
in this rather schematic treatment of pion cloud effects. We also note that in principle
the pion cloud effects lead to modifications of the quark and diquark propagators and the
quark-diquark vertex functions. However, if the quark propagator is approximated by its
pole part, these modifications can be absorbed by a redefinition of the constituent quark
mass and the 4-fermi coupling constants, as has been discussed in ref. [21]
24
where r = q, π. The contributions to the magnetic moments in eq. (4.23) and
(4.24) are then obtained by Fq = F1q(0)+F2q(0) and Fpi = F1pi(0)+F2pi(0).
The quark spinor Γq(p) in (4.25) is given by Γq(p) =
√
Zquq(p), where the
free Dirac spinor uq(p) involves the quark mass M , and the normalization
factor, which also appears explicitly in (4.23) and (4.24), is given by [21]
Zq =

1 + ∂Πq(k)
∂6k
∣∣∣∣∣6k=M


−1
, (4.26)
with the quark self energy
Πq(k) = 3
∫ d4q
(2π)4
[γ5SF (q)γ5]τ˜pi(k − q). (4.27)
The vertices λµq and λ
µ
pi in (4.25) are obtained from the diagrams of Fig.2
as follows:
λµq (p
′, p) = −
∫ d4k
(2π)4
SF (k + q)γ
µSF (k)τ˜pi(p− k) (4.28)
λµpi(p
′, p) = −i
∫
d4k
(2π)4
SF (p− k)τpi(k′)Λµpi(k′, k)τpi(k), (4.29)
where the 3-point function for the electromagnetic current of the pion is given
by
Λµpi(k
′, k) = 3i
∫
d4t
(2π)4
trD[S(t+ q)γ
µS(t)γ5S(t− k)γ5]. (4.30)
The reduced pion t-matrix τ˜pi in the above expressions is defined so as to
exclude the contribution of the ’bare’ contact interaction 10: τ˜pi ≡ τpi +2iGpi.
10The contribution of the contact term to the vertex (4.28) is equivalent to an “RPA-
type” vertex correction induced by an interaction of vector type (∝ (ψγµταψ)2) with a
strength determined by the Fierz transformation of the pseudoscalar interaction term in
the lagrangian. However, our strategy is to consider our underlying interaction Lagrangian
in the qq channels to be already Fierz symmetrized, and to discard all channels except the
scalar-pseudoscalar one in order not to introduce additional parameters (see sect. 2).
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Having determined the magnetic moments (4.23), (4.24) of the on-shell
parent quark in the way described above, one should then use the quark oper-
ator
iσµνqν
2M
κq, where κq =
1
2
(1 + τ3)κu +
1
2
(1− τ3)κd ≡ κ(0)q + τ3κ(3)q , to cal-
culate the contribution to the nucleon magnetic moments as described in the
previous subsection. In a non-relativistic approximation for the constituent
quark, however, this operator (for µ = i) can be replaced by
i
2M
(γγ5)× q κq,
and then the contribution of the pion cloud to the anomalous magnetic mo-
ment of the nucleon can be written as
κ
(pi)
p(n) =
MN
M
(
g
(0)
A κ
(0)
q ± g(3)A κ(3)q
)
(4.31)
with + and − for proton and neutron, respectively.
Similarly, the axial vector and πqq coupling constants of the on- shell
parent quark including the pion dressing are written as
g
(0)
Aq = Zq + 3Gq (4.32)
g
(3)
Aq = Zq − Gq (4.33)
gpiqq = Zq g − Iq. (4.34)
In this case, there is no contribution due to the pion current (the third
diagram in fig. 2). These quantities Gq and Iq are obtained by expressing
the axial and pion absorption currents for the quark diagram (jµAq and jpiq)
in terms of form factors as follows:
jµAq(p
′, p) = Γ¯q(p
′)λµAq(p
′, p)Γ¯q(p) (4.35)
≡ u¯q(p′)
[
Gq(q2)γµγ5 +Hq(q2)qµγ5
]
uq(p) (4.36)
jpiq(p
′, p) = Γ¯q(p
′)λpiq(p
′, p)Γ¯q(p) (4.37)
≡ u¯q(p′)
[
Iq(q2)γ5
]
uq(p), (4.38)
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The quantities Gq and Iq in eqs. (4.32)-(4.34) are then obtained by setting
q2 = 0 in the form factors defined in (4.36) and (4.38). The axial vertex
λµAq in (4.35) is obtained from the corresponding expression (4.28) for the
electromagnetic case by the replacement γµ → γµγ5, while the pionic vertex
λpiq in (4.37) is obtained by replacing γ
µ → gγ5. The isoscalar and isovector
axial vector coupling constants of the nucleon are then renormalized simply
by multiplying the factors g
(0)
Aq and g
(3)
Aq , respectively, while the πNN coupling
constant gets multiplied by gpiqq/g.
5 Results and discussions
In this section we will discuss our results for the nucleon structure functions
and static properties. First we have to explain the choice of our parameters.
The three basic parameters of the NJL model, namely the 4-fermi coupling
constant in the pionic channel Gpi, the UV cut-off Λ, and the current quark
mass m, are determined so as to reproduce the pion mass mpi = 140 MeV
as the pole of τpi (eq.(2.5)), the pion decay constant fpi = 93 MeV via the
familiar quark loop diagram for charged pion decay [12], and the constituent
quark mass M = 400 MeV via the gap equation. (The qualitative behaviour
of the results does not depend on this particular choice forM .) The resulting
parameters in the 3-momentum cut-off scheme are Gpi = 6.92 GeV
−2, Λ =
593 MeV, and m = 5.96 MeV.
In order to see the dependence of our results on the strength of the a.v.
diquark correlations, we consider the ratio ra = Ga/Gpi as a free parameter,
and adjust the strength in the scalar diquark channel rs = Gs/Gpi so as to
reproduce the experimental nucleon mass MN = 940 MeV from the Faddeev
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equation in the static approximation (eq.(2.9)). Table 1 shows 3 particular
choices for ra. Case I refers to the pure scalar diquark model of ref. [21],
which leads to a strongly bound scalar diquark of mass Ms = 596 MeV. For
case III the value ra = 0.66 is strong enough to produce a bound delta state
of mass M∆ = 1140 MeV, but nevertheless the a.v. diquark is still unbound.
The corresponding value of rs is much smaller than that in case I to give the
sameMN . This case therefore refers to weak scalar diquark correlations with
a weakly bound scalar diquark of mass Ms = 766 MeV. Case II (ra = 0.25)
describes a situation intermediate between these two. For each case we also
show in Table 1 the corresponding “weight”Ws of the scalar diquark channel,
which is defined as the contribution to the baryon number (see eq.(2.16)).
In order to compare the calculated structure functions and quark LC
momentum distributions with the empirical ones, we have to associate a
“low energy scale” µ2 ≡ Q20 to our NJL model results, and perform the Q2
evolution up to the value of µ2 = Q2 where experimental data and empiri-
cal parameterizations are available. For this purpose we solve the DGLAP
equation [27] in the MS scheme up to next-to-leading order, using the com-
puter code of ref.[28] with Nf = 3 and ΛQCD = 250 MeV, and compare
with empirical parameterizations which also refer to the MS scheme. If we
determine Q20 so as to reproduce the overall features of the empirical valence
quark distributions (see fig. 7 below), we obtain Q20 = 0.16 GeV
2, i.e., Q0 is
equal to our constituent quark mass M .
5.1 Structure functions
Since the main purpose of this work is to investigate the role of a.v. di-
quark correlations on the flavor dependence of the structure functions, we
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discuss this point first. In Fig. 4 we compare the valence quark distributions
(multiplied by x), 1
2
xuv(x) and x dv(x), without pion cloud effects, for the
three cases I, II and III of Table 1. (The factor 1
2
is multiplied in order to
compare distributions with the same normalization.) Case I shows a rather
large ’flavor asymmetry’, i.e., dv is softer than uv. This is a typical example
for strong scalar diquark correlations, as has been discussed first in ref. [7]:
If Ms is small, the scalar diquark carries a LC momentum fraction which is
small compared to the case of a weakly bound state (Ms ≃ 2M), and accord-
ingly the spectator quark carries a large fraction of the LC momentum. Since
the scalar diquark consists of a ud pair, this implies that for strong scalar
diquark correlations the u quark distribution in the proton has a ’hard’ com-
ponent, while the d quark distribution has only a ’soft’ component. In terms
of the distributions given by (3.2) and (3.3), the hard component is the term
F sQ/P (x) due to the quark diagram, while the soft component is F
s
Q(D)/P (x)
due to the diquark diagram. For case I, the two valence u quarks in the
proton carry 71 % of the LC momentum, while the valence d quark carries
only 29 %. This flavor asymmetry is gradually decreased as we increase ra,
as is shown in Fig.4. For the cases II (III), the two valence u quarks carry 69
% (68 %) of the total LC momentum. Particularly important is the fact that
for large x the valence d quark distribution increases rapidly with increasing
ra and approaches the valence u quark distribution.
The influence of the a.v. diquark correlations on the flavor asymmetry of
the valence quark distributions is mainly an indirect one: If one increases ra
one has to choose a smaller rs in order to get the same nucleon mass, which
implies that Ms (Ws) increases (decreases) with increasing ra. The direct
influence of the a.v. diquark channel on the flavour asymmetry is small, since
29
even for case III the a.v. diquark correlations are ’small’ compared to the
scalar ones in the sense that the a.v. diquark is still unbound. In terms of the
distributions (3.2) and (3.3), this means that F aQ(D)/P (x) ≃ 2F aQ/P (x). One
should also note that, due to the same reason, the a.v. diquark correlations
lead to a larger width of the valence quark distributions: Since Ms increases
as we increase the ratio ra, the binding energy of the diquark-quark system
increases because the nucleon mass is fixed, and as a consequence the width
of the valence quark distributions increases.
Let us now discuss the flavor dependence of our valence quark distribu-
tions in connection with the empirical information. The quantity which is
most sensitive to the flavor asymmetry of the valence quark distributions is
the ratio of the neutron to the proton structure function R(x) = F n2 (x)/F
p
2 (x)
for large x [8]. Flavor symmetric distributions (dv(x)/uv(x) =
1
2
), like in the
naive SU(6) quark model, give a constant value R(x) = 2/3, while for the
case of a strong dominance of scalar diquark correlations over the a.v. ones
one expects dv(x)/uv(x) → 0, or R → 1/4, as x → 1. Our calculated ratios
R(x) for Q2 = 12 GeV2 are plotted for several values of ra in Fig. 5. The
influence of the a.v. diquark correlations on the flavor dependence of the
valence quark distributions is clearly seen: For large x the ratio gradually
increases with increasing ra (decreasing strength of the scalar diquark corre-
lations). To compare this behaviour with the experimental data, one must
note that F n2 has to be extracted from the experimental deuteron structure
function [2], and therefore some model dependence is introduced. A very
careful re-analysis has been performed in ref.[8], including binding and off-
shell effects. The lower data points shown in Fig. 5 have been extracted from
the SLAC proton and deuteron data [2] by using a deuteron model with on-
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shell nucleons, while the upper data points are taken from the re-analysis
of ref. [8]. From Fig. 5 we see that the empirical data, in particular the
re-analyzed ones, seem to require some admixture of a.v. diquark compo-
nents. The comparison with the re-analyzed data favors values for ra which
are not too far from case II (ra = 0.25) of Table 1. Case III, which is char-
acterized by strong a.v. diquark correlations with a bound delta state, is in
clear contradiction with the data. 11 Later we will investigate whether values
around ra ≃ 0.25, corresponding to a dominant scalar diquark component
with weight ≃ 93%, are favored also by other observables of the nucleon.
In fig. 6 we show the valence quark distributions for case II (ra = 0.25)
of Table 1, including pion cloud effects. The distributions calculated in the
NJL model (solid lines) are evolved up to Q2 = 4 GeV2 (dashed lines) and
compared to the empirical distributions extracted in a recent analysis from
the experimental data (dotted lines) 12. Compared to the results of the pure
scalar diquark model (case I of Table 1) presented in ref.[21], we note that
the a.v. diquark effects work towards a better agreement with the empirical
distributions, mainly due to the increase of the width of the distributions.
The antiquark distributions shown in Fig. 7 for the case II are not sen-
11As discussed in ref.[8], QCD calculations based on hard gluon exchange [29] show that
dv(x)/uv(x)→ 15 (R(x)→ 3/7) as x→ 1, in agreement with quark counting rules [30]. In
our NJL model calculation, the ratio R(x) for large x is determined mainly by the strength
of the a.v. diquark correlations. One should note, however, that there is no fundamental
relation between the a.v. diquark correlations discussed here and the hard gluon exchange
correlations discussed in [29]. For example, the x → 1 behaviour of our distributions
depends to some extent on the cut-off scheme (although we did not investigate whether
also the ratio is sensitive to the cut-off scheme), and the lines in Fig.5 simply reflect the
change of the probability of the S = 1 quark pair without any preference of Sz = 0 pairs,
in contrast to the hard gluon exchange model.
12The pion cloud effects taken into account in this work make the valence quark distri-
butions softer, i.e., reduce their peak heights and increase the support at low x, but do
not give rise to any substantial flavor dependence.
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sitive to the a.v. diquark correlations. As in the pure scalar diquark model
of ref. [21], we see that the pion cloud effects taken into account in this
work do lead to an enhancement of d over u, but this flavor asymmetry of
the Dirac sea is too small for intermediate values of x. The calculated value
of the Gottfried sum SG = 0.262 agrees well with the experimental value
(0.235 ± 0.026) [1], since at very low x our calculated distributions show a
rather large asymmetry. For the case II shown here, 92% of the total LC
momentum is carried by the valence quarks at the low energy scale, and the
rest is carried by the sea quarks.
Fig. 8 shows the proton structure function F2p(x) calculated for the case
II at Q2 = 4.5 GeV2 and Q2 = 15 GeV2 including pion cloud effects, in
comparison with the experimental data of ref.[3]. It is seen that the present
quark- diquark model calculation reproduces the overall features of the ex-
perimental structure function.
5.2 Static properties
We now turn to the dependence of the results for the static properties of the
nucleon on the a.v. diquark correlations. The proton and neutron magnetic
moments are shown in Fig.9 as functions of the ratio ra. In the pure scalar
diquark model (ra = 0), the magnetic moments are too small in magnitude,
even if the pion cloud effects are taken into account. The contributions due to
the a.v. diquark channel enhance the magnitudes of the magnetic moments,
and for ra ≃ 0.2 the experimental values can reproduced. Since the neutron
magnetic moment is more sensitive to ra than the proton one, the ratio
|µp/µn| decreases with increasing ra. Therefore, for large ra, as would be
required by a bound delta state (case III of Table 1), not only the magnitude
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of the magnetic moments but also their ratio becomes unreasonable.
For the three values of ra corresponding to the cases I, II and III of Ta-
ble 1, these results are split into the various contributions in Table 2. Most
important is the quark diagram in the scalar channel (the term F sQ in (4.1)
and (4.2)), which increases as one goes from case I to case II, in spite of the
reduced probability Ws of the scalar diquark channel. For µp, the diquark
diagram in the a.v. channel (FaD) and the mixing term (FmD ) give further
enhancements, in particular for large values of ra. The enhancement of |µn|
is dominated by the quark diagram in the a.v. channel (FaQ), which is absent
for µp, and therefore the neutron magnetic moment is more sensitive to the
a.v. diquark correlations. The pion cloud gives rise to the following anoma-
lous magnetic moments of the constituent quarks (see eq. (4.23), (4.24)):
κu = 0.26, κd = −0.29. Due to eq. (4.31), the pionic contributions to the
nucleon magnetic moments are mainly of isovector type, too, and enhance
their magnitudes, as is well known [26].
The results for the axial vector coupling constants are shown in Fig. 10
as functions of the ratio ra. The fact that the calculated g
(3)
A is too small
compared to the experimental value is most probably due to the static ap-
proximation to the Faddeev equation used in the present calculation 13. The
a.v. diquark channel gives rise to a rather slow increase of g
(3)
A and a rapid
decrease of g
(0)
A . Since the increase of g
(3)
A is slow and there is no sizeable
enhancement beyond ra ≃ 0.3, one may conclude that a.v. diquark corre-
13In the exact Faddeev calculation [16], the quark diagram in the scalar channel (GsQ in
eq. (4.10)) gives a larger contribution, and also the exchange diagram gives some enhance-
ment. In this connection one should also note that the charge radii of the nucleons are
too small in the static approximation [25], indicating that relativistic effects are enhanced.
This is one of the reasons why the axial vector coupling constants are smaller than in the
exact Faddeev calculation.
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lations work in the desired direction, but there is no necessity to introduce
strong correlations as would be required by a bound delta state (case III of
Table 1). Similarly, the largest part of the reduction of g
(0)
A occurs for small
ra, whereas for larger ra the curve saturates.
Table 2 shows the various contributions to the axial coupling constants
for the cases I, II and III. The most sizeable effects due to the a.v. diquark
channel are the positive mixing term (GmD in eq.(4.10)) for g(3)A , and the
reduction of the scalar channel contribution (GsQ). The net effect is the rather
slow increase of g
(3)
A and the rapid decrease of g
(0)
A discussed above. The pion
cloud renormalizes the axial vector coupling constants of the constituent
quark (see (4.32) and (4.33)): g
(3)
Aq = 0.86, g
(0)
Aq = 0.78. These reductions due
to the pion cloud are well known, see e.g., ref. [31]. There it was pointed
out that, due to the p-wave coupling of the pion to the quarks, some amount
of the nucleon spin carried by the quark spin is transfered to orbital angular
momentum of the pion cloud, that is, to orbital angular momentum of the
sea quarks, leading to the reduction of g
(0)
Aq .
In Fig. 11a we show the dependence of gpiNN on the ratio ra. In this case,
again, the result of the pure scalar diquark model is too small in comparison
with the experimental value, and the a.v. diquark channel gives rise to
a sizeable enhancement, in particular in the region of small ra where the
experimental value can be reproduced for ra ≃ 0.3. Similarly to the cases of
g
(3)
A and µp, the behaviour of the curves in Fig. 11a indicates that most of the
a.v. diquark correlation effects are exhausted already for admixtures which
are small compared to the case III of Table 1 (that is, the case of a bound
delta state). Pion cloud effects renormalize the πqq coupling constant (see
eq. (4.34)) from the bare value g = 4.23 to gpiqq = 3.48. Among the various
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contributions shown in Table 2, the quark diagram in the scalar channel
gives the dominant contribution, followed by the diquark diagram in the a.v.
channel and the exchange diagrams. There are large cancellations among the
exchange diagram contributions, leaving a net positive correction.
Compared to the case of g
(3)
A , the πNN coupling constant shows a rather
rapid increase in the small ra region, which indicates a violation of the
Goldberger-Treiman (GT) relation. In Fig. 11b we plot the ratio ∆GT ≡
fpi gpiNN/MN g
(3)
A as a function of ra (upper pair of lines). This figure shows
that already for the pure scalar diquark model there is a sizeable violation
of the GT relation of about 13% (for the case including the pion cloud ef-
fects), and if the a.v. diquark channel is included this violation increases up
to 90%. This fact indicates a major problem of the static approximation to
the Faddeev equation: In this approximation the quark-diquark vertex func-
tion is independent of the relative momentum in the quark-diquark system,
and therefore all contributions to the loop integrals which are not sufficiently
damped due to the internal quark or diquark propagators are very sensitive
to the cut-off 14. The terms with the highest degree of divergence are those
due to the contact terms 4iGs and 4iGag
µν in the scalar and a.v. t- matrices
in (2.5) and (2.6), respectively. In order to demonstrate that these terms
are largely responsible for the violation of PCAC, we show by the lower pair
of lines in Fig. 11b the result obtained by leaving out these contact terms.
(Since the contact terms act attractively, we have to choose larger values of
rs for each ra in order to keep the nucleon mass fixed.) In such a calcu-
lation, where the pole term due to the scalar t-matrix gives the dominant
14As was discussed in the previous secions, the three-momentum cut-off procedure used
here violates the GT relation, although it conserves baryon number, electric charge and
momentum.
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contribution besides small corrections due to the qq continuum terms, the
violations of the GT relation are drastically reduced. This indicates that the
large violations of the GT relation will disappear as soon as one uses the
exact Faddeev wave functions.
The main purpose of this subsection was to see whether our conclusions
on the strength of the a.v. diquark correlations, derived in sect. 5.1 from the
flavor dependence of the quark LC momentum distributions, are consistent
with the static properties of the nucleon or not. From our above discussions
we can now conclude that the static properties, too, indicate the necessity of
some amount of a.v. diquark correlations, but not strong ones. The range
0.15 < ra < 0.3, corresponding to 0.98 > Ws > 0.90, seems reasonable from
both points of view.
6 Summary and conclusions
The purpose of this paper was to extract information on the strength of
the quark-quark interaction in the axial vector (a.v.) diquark channel by
comparing the results for the structure functions and the static properties
of the nucleon with the empirical information. For this purpose we used
the Nambu-Jona-Lasinio (NJL) model in the framework of a simple quark-
diquark approximation (“static approximation”) to the full Faddeev equa-
tion. The effects of the pion cloud were taken into account by assuming an
on-shell approximation for the parent quark, which in the case of the quark
distributions leads to the usual one-dimensional convolution formalism. Our
results are summarized as follows:
First, the observed flavor dependence of the structure functions implies
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that the interaction in the a.v. diquark channel should be relatively weak
compared to that in the scalar diquark channel. In the model used here we
found that, in order to reproduce the flavor dependence, the weight of the a.v.
diquark component in the nucleon state (defined here as the contribution to
the baryon number) should not be much larger than 10%. Since in this case
a large part of the binding energy has to come from the correlations in the
scalar diquark channel, this implies rather strong scalar diquark correlations
in the nucleon.
Second, the static properties of the nucleon indicate that some amount of
a.v. diquark correlations are required, in particular for the magnetic moments
which are too small in magnitude in a pure scalar diquark model. The
a.v. diquark channel gives beneficial contributions to all static properties
considered here, but it is neither necessary nor preferable to introduce strong
a.v. correlations. That is, a large part of the effects due to the a.v. channel
on the static properties is exhausted already for an admixture of less than
10%.
Combining these two observations, we conclude that an admixture of the
a.v. channel between 2% and 10% seems very reasonable. In terms of the
4-fermi coupling constants, this corresponds to rs ≃ 0.63 and ra ≃ 0.25 (see
case II of Table 1). It is interesting to note that these values are similar
to rs = 0.5 and ra = 0.25, which correspond to the ’color current’ type
interaction lagrangian [20]. This relatively small value of ra implies rather
weak a.v. diquark correlations, since for example the a.v. diquark is unbound
and no bound state for the delta isobar can be obtained. While this latter fact
at first sight seems to indicate a problem of the model, we should note that
for reasonable values of the constituent quark mass the delta isobar always
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emerges very close to the (unphysical) 3-quark threshold in a model without
confinement. (A similar situation holds also for the vector mesons if they
are described as qq bound states.) Our results support the viewpoint that
one should not attempt to describe these heavier hadrons as bound states in
a model without confinement. To describe these states, one should at least
incorporate one important aspect of the confinement, namely the absence of
unphysical thresholds for the decay into colored states [17, 32, 33] 15.
The numerical results obtained for an admixture between 2% and 10%
of the a.v. channel show that the overall picture which emerges for the
structure functions and the static properties is quite reasonable. There are,
however, several points which should be improved, in particular concerning
the violation of the Goldberger-Treiman relation, the shape of dv(x), the
difference d(x)− u(x), etc. For these purposes, further work should be done
towards a full Faddeev description and a more refined treatment of pion cloud
effects.
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Figure Captions
1. Graphical representation of the quark LC momentum distribution in
the nucleon. The single (double) line denotes the constituent quark
propagator (diquark t-matrix), the hatched circle the quark-diquark
vertex function, and the operator insertion stands for γ+δ(k−−p−x)(1±
τz)/2 for the U(D) quark distribution.
2. Diagrams representing the dressing of the constituent quark by the pion
cloud. The dashed line denotes the qq t-matrix in the pionic channel.
3. Feynman diagram where the operator insertion is made on the quark
exchanged between the diquark and the spectator quark. For the quark
LC momentum distributions and the electromagnetic current, this di-
agram does not contribute in the static approximation. However, it
should be considered for the calculation of gpiNN as explained in the
text.
4. Comparison of the valence quark distributions xuv(x)/2 and x dv(x)
for the cases I (dashed lines), II (solid lines), and III (dotted lines) of
Table 1.
5. Ratio of neutron to proton structure functions for several values of the
ratio ra. For each ra, the value of rs is determined so as to reproduce
the experimental nucleon mass. The data points, which are taken from
Fig. 3 of ref. [8], are based on the SLAC proton and deuteron data
using a deuteron model with on-shell nucleons (upper data points), and
including binding and off-shell effects (lower data points).
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6. Valence quark distributions (multiplied by x) corresponding to case II
of Table 1. The solid lines show the input distributions (µ2 = Q20)
calculated in the NJL model, the dashed lines show the distributions
obtained by the QCD evolution up to Q2 = 4 GeV2 in next-to-leading
order, and the dotted lines are the empirical distributions of ref.[6].
7. Same as Fig. 6 for the sea quark distributions.
8. Results for the proton structure function F p2 (x) at Q
2 = 4.5 GeV2 (a)
and Q2 = 15 GeV2 (b) for case II of Table 1, in comparison with the
experimental data of ref.[3].
9. The magnetic moment of the proton (a) and the neutron (b) as func-
tions of ra. The dashed lines are calculated in the valence quark picture,
while the solid lines include the effects of the pion cloud as described in
the text. For each ra, the value of rs is determined so as to reproduce
the experimental nucleon mass.
10. Same as Fig. 9 for the isovector (a) and the isoscalar (b) axial vector
coupling constants of the nucleon.
11. Same as Fig. 9 for the πNN coupling constant (a) and the ratio ∆GT =
fpigpiNN/MNg
(3)
A (b). For ∆GT we also show the result obtained by
subtracting the contact terms of the t-matrices in the scalar and a.v.
diquark channels, as explained in the text.
12. The axial vector vertex of the constituent quark including the pion pole
terms. The bubbles graphs here involve qq states in the pionic channel.
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Appendices
A Diagonalization of the Faddeev kernel in
the static approximation
In this Appendix we directly diagonalize the Faddeev kernel in the static
approximation (see eq.(2.9) for the T = 1
2
states) and derive the form of the
nucleon vertex function as given in eqs. (2.13)-(2.15). The diagonalization
will be done in the rest frame of the nucleon (pµ = (MN , 0)), and the solution
will be boosted to a general frame.
In order to remove the Dirac γ matrices from the quark exchange kernel
Z (eq.(2.10)), we first apply the following unitary transformation:
K˜(p) = ΩK(p)Ω† ≡ Z˜ Π˜N(p) (A.1)
where Ω = diag (γ5, γ
µ) and Z˜ = ΩZΩ†, Π˜N(p) = ΩΠN(p)Ω
†. Z˜ has the
form
Z˜ =
3
M


1 −√3 −√3xT
−√3 −1 xT
−√3x x X

 , where X =

 −1 1 11 −1 1
1 1 −1


(A.2)
and xT = (1, 1, 1). In the rest frame of the nucleon, the transformed quark-
diquark bubble graph Π˜N(p) involves only the Dirac matrices 1 and γ0, and
can be written as follows:
Π˜N(p) = G˜+(p)
1− γ0
2
+ G˜−(p)
1 + γ0
2
(A.3)
≡ Π˜N(+)(p) + Π˜N(−)(p) (A.4)
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with
G+(p) =

 a 0 00 b c xT
0 c x d I

 , G−(p) = () , (A.5)
where I = diag (1, 1, 1) and
a(p) =
∫
d4q
(2π)4
(p0 − q0) +M
(p− q)2 −M2 τs(q) (A.6)
b(p) =
∫
d4q
(2π)4
−(p0 − q0) +M
(p− q)2 −M2 τ
00
a (q) (A.7)
c(p) =
∫
d4q
(2π)4
qi
(p− q)2 −M2 τ
0i
a (q) (no sum) (A.8)
d(p) =
∫
d4q
(2π)4
(p0 − q0) +M
(p− q)2 −M2 τ
ii
a (q) (no sum). (A.9)
In eqs. (A.8) and (A.9) the index i is fixed to be any among i = 1, 2, 3, i.e.;
one can replace qi qi → q2/3 in these relations. The quantity Π˜N(+)(p) in
(A.4) gives the positive parity part of the transformed kernel, while Π˜N(−)(p)
refers to the negative parity In the following, we will refer only to the positive
parity part without changing the notation, i.e, Π˜N ≡ Π˜N(+), K˜ ≡ Z˜Π˜N(+)(p),
etc. 16.
To the transformed eigenvalue equation Γ˜(p) = K˜(p)Γ˜(p), we apply a
further orthogonal transformation in order to bring the kernel into a block
form corresponding to J = 1
2
and J = 3
2
states:
Kˆ(p) = UK˜(p)U t ≡ Zˆ ΠˆN(p) (A.10)
16The reason is as follows: In the rest frame of the nucleon the projection operator onto
positive parity is (in the original representation) P+ = diag (p+, p−, p+, p+, p+), where
p± = (1± γ0) /2, and the diagonal matrix refers to the 5 diquark indices a = 5 (scalar
diquark), a = 0 (time component of the a.v. diquark) and a = 1, 2, 3 (space components
of the a.v. diquark). After applying the unitary transformation Ω = diag (γ5, γ
µ) as in
(A.1), this becomes P˜+ = diag (p−, p−, p−, p−, p−).
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with U = diag (1, 1, Y ) and the 3× 3 matrix Y diagonalizes X of eq.(A.2):
Y =


1/
√
3 0 −2/√6
1/
√
3 −1/√2 1/√6
1/
√
3 1/
√
2
√
6/3

 . (A.11)
The transformed quantities Zˆ and ΠˆN(p) are given by the block forms
Zˆ =
3
M


1 −√3 −3
−√3 −1 √3
−3 √3 1
−2
−2


, (A.12)
ΠˆN(p) =


a
b
√
3 c√
3 c d
d
d


1− γ0
2
, (A.13)
and the eigenvalue equation Γˆ(p) = ZˆΠˆN (p)Γˆ(p) separates into two simple
equations, one with dimension 3× 2 = 6 and one with 2× 2 = 4. The latter
one clearly corresponds to J = 3
2
, and the former one to J = 1
2
, since there
are 3 basis states corresponding to (i) the coupling of a scalar diquark and a
quark, (ii) the time component of the a.v. diquark and a quark, and (iii) the
space components of the a.v. diquark and a quark, and each of these three
states has two spin directions.
The solutions for the nucleon vertex function in this representation there-
fore have the form
ΠˆN↑ =


α1
α2
α3
0
0


diquark
⊗


0
0
1
0


quark
, ΠˆN↓ =


α1
α2
α3
0
0


diquark
⊗


0
0
0
1


quark
,(A.14)
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corresponding to the two spin projections, where (α1, α2, α3) is the eigenvec-
tor of the upper 3×3 block of Kˆ in (A.10) with the largest eigenvalue λN(p).
The nucleon mass is then determined by λN(p0 = MN) = 1.
It is then easy to transform the solutions (A.14) back to the original
representation using ΠN(p) = Γ
†U ΠˆN (p), and then to apply a boost which
is the product of a Lorentz transformation for spinors and ordinary 4-vectors,
respectively, both with velocity v = −p/EN(p) with EN (p) =
√
M2N + p
2.
The result is given by eqs. (2.13), (2.14), where
ǫµλ(p) =
(
p · ǫλ
MN
, ǫλ +
p (p · ǫλ)
MN (EN(p) +MN )
)
, (A.15)
where ǫλ are the usual spherical unit vectors.
To derive the covariant form (2.15) from (2.14), one makes use of the
relations
(
1
1
2
, λs′|1
2
s
)
=
(−1)λ+1√
3
(
σ
[1]
−λ
)
s′s
(A.16)
∑
s′
(σ · p)s′s χs′ = (σ · p)χs, (A.17)
where (A.16) follows from the Wigner-Eckert theorem, and χ in (A.17) is a
2-component Pauli spinor.
The diagonalization of the T = 3
2
kernel of eq.(2.17) proceeds in the same
way by applying the unitary transformations Γ and U as above. The positive
parity part of the kernel then separates into a 2 × 2 block for J = 1
2
(corre-
sponding to the coupling of the time component and the space components
of the a.v. diquark with the quark, respectively) and a diagonal 2× 2 block
for J = 3
2
. The latter one has the same form as the lower 2 × 2 block of
the kernel (A.10), but with the factor −2 in (A.12) replaced by 4. The delta
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mass is therefore determined by the equation
12
M
d(p0 =M∆) = 1, and af-
ter transforming back to the original representation and boosting the vertex
function has the form of a Rarita-Schwinger spinor:
Γµ∆(p) = b
∑
λs′
(
1
1
2
, λs′|3
2
)
ǫµλ(p) uN(p, s
′), (A.18)
where b is a normalization constant.
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B PCAC in the Faddeev framework
In this Appendix we demonstrate the validity of the PCAC relation for the
case of the scalar diquark channel only, both in the exact Faddeev framework
and in the static approximation. For more detailed discussions we refer to
ref. [16].
In the exact Faddeev framework, the isovector axial vector current of
the nucleon is given by the sum of the ’quark diagram’ and the ’exchange
diagram’ (see fig.3) as follows:
jµA(q) =
∫ d4k
(2π)4
∫ d4k′
(2π)4
ΓN,P ′(k
′)
×
[
SF (
P
2
+ k′)ΓµqSF (
P
2
+ k)τs(
P
2
− k)δ(k′ − k − q
2
) (B.1)
+ 3SF (
P ′
2
+ k′)γ5FF (k + k
′ +
q
2
)ΓµqSF (k + k
′ − q
2
)γ5SF (
P
2
+ k)
× τs(P
′
2
− k′)τs(P
2
− k)
]
ΓN,P (k) (B.2)
Here the assignments of the momenta are as in refs. [14, 22], and the matrices
C τ2, which appear in the 2-body vertex functions in the exchange diagram,
have been processed as explained in ref. [22]. The Faddeev equation for the
nucleon spinor reads
ΓN,P (p) =
∫
d4p′
Z
(p, p′)SF (
P
2
+ p′)τs(
P
2
− p′)ΓN,P (p′) (B.3)
with the quark exchange kernel Z(p, p′) = −3γ5SF (p′+p)γ5. The quark axial
vector vertex Γµq including the vertex corrections describing the pion pole is
given by (see fig. 12)
Γµq (q) = γ
µγ5τ3 − iΠµ(q)τ3γ5τpi(q), (B.4)
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where Πµ(q) is the bubble graph describing the pion-axial vector mixing:
Πµ(q) = 12iMqµ
∫
d4k
(2π)4
1
(k2 −M2 + iǫ) ((k + q)2 −M2 + iǫ) (B.5)
Using the definition of fpi, and defining the ’physical’ pion propagator by
∆pi(q) ≡ −i
g2
τpi so that its pole term is simply given by
1
q2 −m2pi
with unit
residue, it is easy to show that the vertex (B.4) satisfies the axial Ward-
Takahashi identity of the linear sigma model:
qµΓ
µ
q (q) = τ3
(
S−1(p′)γ5 + γ5S
−1(p)
)
− 2c∆pi(q)Γqpi (B.6)
with Γqpi = τ3γ5g and c = fpim
2
pi. We also note that if the pion pole terms are
removed from the beginning, as is sufficient for the calculation of gA (i.e., if
only the first term in fig. 12 is taken for the quark axial vector vertex), the
corresponding axial Ward-Takahashi identity is obtained from (B.6) by the
replacement −c∆pi(q) → Mg , which is equal to fpi. Using (B.6) in (B.2) and
using the Faddeev equation (B.3) together with the corresponding equation
for ΓN,p′, it is easy to derive the PCAC relation
qµj
µ
A(q) = −2c∆pi(q)jpi(q) (B.7)
where the pion absorption current is given by (B.2) with the replacement
Γµq → Γpiq.
According to the discussions in sect. 4.2, in the static approximation
the axial current is given by the quark diagram, while for the pion absorp-
tion current we have to consider also the exchange diagram (fig. 3). The
expressions are as follows (see sect. 4.2):
jµA(q) = ΓN,P ′
∫ d4k
(2π)4
SF (k + q)Γ
µ
qSF (k)τs(p− k)ΓN,P (B.8)
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jpi(q) = ΓN,P ′
∫ d4k
(2π)4
SF (k + q)ΓpiqSF (k)τs(p− k)ΓN,P
+
3
M2
ΓN,P ′2ΠN(P
′)ΓpiqΠN(P )ΓN,P , (B.9)
where the quark-diquark bubble graph is given by (see eq.(2.11)
ΠN(p) = −
∫
d4k
(2π)4
SF (p− k)τs(k) (B.10)
The Faddeev equation in the static approximation reduces to (see eq. (2.9)
ΠN(p)ΓN,P = −M
3
ΓN,P (B.11)
and using (B.6), (B.11) to calculate the divergence of the axial current (B.8)
we arrive at the PCAC relation (B.7) in the static approximation.
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case I II III exp
ra 0 0.25 0.66
rs 0.73 0.63 0.50
Ms[MeV ] 596 684 766
Ws [%] 100 93 61
µp 2.32 2.87 2.96 2.79
µn -1.39 -2.08 -2.62 -1.91
g
(3)
A 0.66 0.76 0.81 1.26
gpiNN 7.5 12.82 15.34 13.2
g
(0)
A 0.60 0.41 0.30 0.2 ∼ 0.3
Table 1: The upper part of the table shows the diquark mass Ms and the
contribution of the scalar diquark channel to the baryon number (Ws) for
three different choices of the ratio ra. For each case, the corresponding value
of rs is determined so as to reproduce the experimental nucleon mass. The
lower part of the table shows the static properties of the nucleon obtained
for these 3 cases in comparison to the experimental values.
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case I II III I II III
µp (exp.: 2.79) µn (exp.: -1.91)
Qs 1.81 2.10 2.01 -0.91 -1.05 -1.00
Ds 0.04 0.04 0.01 0.04 0.04 0.01
Qa 0 0 0 0 -0.34 -0.83
Da 0 0.05 0.18 0 -0.02 -0.06
Dm 0 0.12 0.12 0 -0.12 -0.12
sum 1.86 2.31 2.33 -0.87 -1.48 -2.00
incl. π 2.32 2.87 2.92 -1.39 -2.08 -2.62
case I II III I II III
g
(3)
A (exp.: 1.26) g
(0)
A (exp.: 0.2 ∼ 0.3)
Qs 0.77 0.55 0.24 0.77 0.55 0.24
Ds 0 0 0 0 0 0
Qa 0 0.03 0.03 0 -0.09 -0.09
Da 0 0.03 0.17 0 0.05 0.26
Dm 0 0.29 0.51 0 0 0
sum 0.77 0.89 0.94 0.77 0.52 0.39
incl. π 0.66 0.76 0.81 0.60 0.41 0.30
case I II III
gpiNN (exp.: 13.4)
Qs 12.00 14.14 13.61
Ds 0 0 0
Qa 0 0.28 0.34
Da 0 0.58 2.56
Dm 0 -0.01 -0.19
Es -2.89 -2.77 -1.74
Ea 0 -0.57 -3.40
Em 0 3.94 7.46
sum 9.12 15.58 18.64
incl. π 7.50 12.82 15.35
Table 2: Static properties of the nucleon for the three cases I, II, III of
table 1. Qs (Ds) denotes the contribution of the quark (diquark) diagram in
the scalar channel, Qa (Da) refer to the quark (diquark) diagram in the a.v.
channel, and Dm denotes the scalar-a.v. mixing in the diquark diagram. For
gpiNN there are in addition the exchange diagram contributions between the
scalar channels (Es), between the a.v. channels (Ea), and the mixing term
(Em). The sum of these contributions, as well as the total sum including
pion cloud effects, are shown. 55












